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ABSTRACT

Resin shrinkage due to chemical changes and thermal gradients plays an
important role in the residual stress evolution during composite manufacturing. In this
thesis, we develop a new in-situ experimental approach for measuring resin shrinkage
during curing with the help of digital image correlation (DIC) instrumented on a specially
designed autoclave with borosilicate viewports. The images of the resin sample are
captured at regular intervals with the help of DIC to measure the displacement and strains
during the curing process. We utilize this method for a comparative analysis of resin
shrinkage in two common aerospace epoxies, Epoxy 105 and EPON 862. An average
compressive strain of 0.00896 was observed for Epoxy 105 and 0.01042 for EPON 862.
Differential Scanning Calorimeter (DSC) is used to measure the degree of cure for the
two epoxies, and to correlate resin shrinkage to the cure state. We also observed the
effect of fibers on the shrinkage of the resin using carbon fiber, glass fiber and crepe
bandage as fillers. We observed that as the stiffness of the fillers increased the strain in
the matrix decreased.
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1. Introduction
In this section, we will discuss the significance, motivation of polymer-based
composite materials and finally, we will explain our research objectives carried out in our
experiment.
1.1 Significance
Polymer-based composite materials have revolutionized the aviation and
aerospace sector due to their high strength-to-weight ratio. Composites are stronger than
typical metals used in aircraft applications, both in tension and compression. Another
advantage of using composite materials is that they are not prone to corrosion. Aerospace
applications of composites range from wing assemblies, fuselage, propellers, seats,
instrument enclosures, etc.
A composite is a material made from two or more constituent materials with
significantly different physical or chemical properties that, when combined, produce a
material with characteristics different from the individual components. The individual
components remain separate and distinct within the finished structure, differentiating
composites from mixtures and solid solutions (Fazeli, Florez, & Simão, 2019; Elhajjar,
La Saponara, & Muliana, 2013). When these materials undergo processing, which
involves changes in temperature and chemistry for one or both the constituents,
processing induced strains are encountered, resulting in defects such as warpage, matrix
cracking, voids, porosity, and delamination.
Similar thermal cycling of monolithic materials like aluminum would only result
in the thermal expansion and contraction in the structure. On the contrary, thermal stress
in the composite materials often leads to structural changes. For example, thermally-
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induced distortion is observed in flat plates when prepreg lay-ups are not balanced and
symmetric (Hyer, 1981; Kim & Hahn, 1989). Other such structural changes include
spring back and spring in effects due to the thermal expansion mismatch (Wisnom,
Gigliotti, Ersoy, Campbell & Potter, 2006).
In order to understand the effects of thermomechanical processing on composite
materials, we need to examine processing induced deformations in the constituent
components. The carbon and glass fibers typically used as reinforcements are thermally
stable at polymer processing temperatures. The polymer matrix, however, undergoes
volumetric changes due to chemical reaction and thermal expansion during the curing
process. This total reduction in the volume of a composite or polymer due to curing is
called polymerization shrinkage. These shrinkages, in turn, lead to residual stresses and
distortions in the material. Therefore, it is essential to understand the behavior of
chemically and thermally induced strain evolution in the composite and the polymeric
matrix to mitigate processing defects. This thesis is an effort in that direction.
1.2 Motivation
There are several reasons responsible for the residual stresses and distortions in
the composite, like the differential thermal expansion of matrix and fiber, cure shrinkage,
and tool-part interaction. Defects like matrix cracking, delamination, and warpage can be
caused by these processing induced strains (Wisnom, Gigliotti, Ersoy, Campbell &
Potter, 2006). These defects lead to further problems in composites manufacturing, such
as dimensional instability, pre-stressing during assembly, in-service defects, and often
increase the overall cost. Given the complexity of the stress and strain evolution during
the curing cycle, it is crucial to understand the behavior of resin while it is being cured to
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mitigate the residual stress evolution and the factors affecting distortions and dimension
instability in composites.
Several approaches exist in the current literature for the measurement of cure
shrinkage in polymers, which will be discussed in detail in the literature review. While
these methods effectively measure the volume changes in polymers, they are laboratory
methods and are not adapted to the manufacturing environment, further they cannot
extend to composites. In our research, we have addressed these shortcomings and
developed a new method using a DIC instrumented autoclave to measure volume changes
in the composite as well as polymer during the fabrication process. Our approach can be
used to measure residual strain acting on the sample throughout the cure cycle. We
correlate our observations with a cure state analysis using Differential Scanning
Calorimetry (DSC) for a comprehensive understanding of the problem.
Autoclaves are pressure vessels that operate at elevated temperature and pressure
to process composite parts for fabrication. The autoclave EC2X4-200P800F is used for
our experiment, which can operate at temperatures as high as 427 0C and high pressure at
13.8 bar. The autoclave is equipped with specially designed borosilicate viewports, which
enable studies on in-situ characterization while the composite specimen is cured.
Digital image correlation is an optical technique for the accurate measurement of
2D and 3D changes in the displacement of speckle patterns. Compared to strain gauges
and extensometer, where the strain can be measured only at discrete points, DIC can
measure displacement and strain locally throughout the sample. Recent advances in DIC
methods allow for measuring strain fields during mechanical and thermal testing (Sutton,
Wolters, Peters, Ranson & McNeill, 1983; Taher, Thomsen, Dulieu-Barton & Zhang,
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2012; Diaz, Wu, Martini, Youngblood & Moon, 2013).
Differential Scanning Calorimetry (DSC) is a thermal analysis technique used to
find properties like glass transition temperature, melting temperature, degree of cure in
polymer, etc. We use differential scanning calorimeter to find the degree of cure for the
resin sample. We correlate the in-situ strains to the degree of cure using a differential
scanning calorimeter (DSC). This technique is an effective tool to analyze the cure
kinetics of the polymers because it not only isolates the temperature-dependent behavior
for a given chemical process, but it also enables calculation of the thermal energy
associated with the various stages of the curing process (Park, Riedl, Hsu & Shields,
1999).
1.3 Research Objectives
The primary objective of this thesis is to develop a new in-situ method to measure
cure shrinkage during the curing process and correlate it with the cure state of the
polymer. We have used digital image correlation during the fabrication process to
achieve this objective. In addition, we have correlated the in-situ strains captured using
DIC to the degree of cure, i.e., the crosslinking of the polymer at different time steps
using DSC. The specific research objectives are identified as follows:
i.

Formulate a new experimental approach for in-situ measurement of surface and
volumetric changes in polymers and composites during processing.

ii.

Analysis of thermal and chemical strain evolution in the epoxy polymer during
the different stages of curing.

iii.

Correlate the above strain evolution to the cure state of the polymer.

iv.

Study the effect of fiber properties on this strain evolution.
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2. Background
2.1 Aerospace Composites
The relentless drive of the aviation industry to enhance the performance of aircraft
has led to many developments in the field of structural materials. The development of
advanced composite materials is a direct result of the aircraft industry’s need for light and
strong materials. Polymeric composite materials have gained much importance due to
their lightweight and high-strength to weight ratio.

Figure 2.1. The distribution of materials in the F18E/F aircraft.
Initially, the use of composite was minimal and limited to secondary aircraft
structures (e.g. doors in Boeing 777) because of the regulatory and manufacturing
challenges associated with any new materials. As the manufacturing know-how and the
knowledge of thermomechanical behavior of composites increased, the usage of
composites has expanded to primary structures such as wings and fuselage. The
percentage by structural weight of composites used in manufacturing was relatively low,
at around 2% in the F15, for example. The usage of composites has grown considerably,
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through 19% in the F18 up to 24 percent in the F22 (Deo, Starnes & Holzwarth, 2003).
Recent commercial passenger jets like Boeing 787 have more than 50% of the structure
made with carbon fiber composite.
There are two popular categories of composite fabrication: one is the wet layup
process, and the other one is prepreg composite fabrication. In the wet layup process, the
fiber is placed on the mold and the resin is applied on top of the fiber with the brush or
spray gun. During the fabrication, the fibers might get distorted, or we can observe voids
in the matrix, etc. The process is less controlled because it is difficult to evenly distribute
the matrix, which can lead to a heavier structure. However, this process is inexpensive
compared to the alternative. Resin transfer molding and vacuum assisted resin transfer
molding are advances on this basic idea and address some of the aforementioned
problems.
Pre-impregnated plies, also called prepregs, contain partially cured resin
integrated into a fiber ply. The resin is evenly distributed, leading to a higher quality
product. The prepreg plies are arranged on a tool according to a selected layup and cured
at high temperature and pressure, typically in an autoclave environment. This results in a
well-compacted laminate with better properties than with wet layup. It is an expensive
process when compared to that of the wet layup process or resin infusion process,
however, prepreg manufacturing process inside an autoclave leads to a highly reliable
product and is the preferred manufacturing process for aerospace structures
Fiber Reinforced Polymer (FRP) composites are anisotropic, i.e., their properties
vary depending on the direction of the load concerning the orientation of the fibers. For
example, it is easier to deform and fracture a composite when a load is applied
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perpendicular to the fiber direction. The composite is stronger when the load is applied
parallel to the fibers. We can overcome this problem of anisotropy by stacking the fibers
in a different orientation, i.e., at different angles to form a laminate. The sequence of the
laminate can be tailored according to the desired properties and to withstand the load —
this way, material and weight can be saved, which is the prime factor in the aviation
industry. The Boeing 787 Dreamliner, with its widespread composite use in primary
structures, has resulted in an aircraft that is 10,000 lb lighter and burns 20 % less fuel
than a comparably sized all-aluminum aircraft (Massengill, 2005). Thus the use of
composite materials in the commercial aircraft industry has reduced the weight of the
aircraft structure, which leads to better fuel economy and operating cost. Composite
facilitates co-bonded and co-cured complex structures, e.g., an entire horizontal
stabilizer. This reduces fasteners, which saves further weight. Fastener holes are sites for
stress concentration and lead to potential crack-initiation site. Fewer fasteners and joints
mean shorter assembly time. While many of these advantages are a direct result of
combining ceramic like reinforcement (e.g. carbon, glass fibers) with polymeric matrix
(epoxy , BMI etc), the combination of dissimilar materials also leads to several
manufacturing and in-service problems.
2.2 Constituents Materials in Aerospace Components
Aerospace composites are a combination of long continuous high stiffness and
strength fibers and a thermoset matrix. Some of the common fibers used in aerospace
components are carbon fiber, glass fiber, and aramid fibers. The advantages of using
carbon fiber composite in aerospace components are high stiffness, high tensile strength,
and low weight. Carbon fiber composites are used in fuselage, wings, tail, doors, and
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interior (Mrazova, 2013). Glass fiber consists of a bundle of fibers of glass. Glass fibers
are not as rigid as carbon fiber and are much cheaper than carbon fiber. Glass fibers are
strong, and lightweight fiber-reinforced polymers (Zhou, Golding, Bao & Sun, 2017). In
addition, glass fiber act as an insulator when lightning strikes the plane. Aramid fibers are
a class of heat-resistant and strong synthetic fibers. Aramid fiber has a high melting point
(>500 0C). They are used in aerospace and military applications. Aramid fiber composite
is used in leading- and trailing-edge wing components (Khusiafan, 2018).
The thermal expansion coefficient of fibers is much lower than that of the
polymer matrix. Because of this reason, differential thermal expansion in the composite
leads to residual stresses and distortions. The expansion coefficients of fibers are
orthotropic. For example, carbon fiber or glass fiber has a very low or slightly negative
expansion coefficient in the fiber direction, but higher values in the transverse direction,
this leads to residual stresses at the micro-level during cool down even in unidirectional
material.
Some of the distortions caused in the composite due to differential thermal
expansion of the fiber and matrix are
1. Curvatures are formed in the composite because of unsymmetric laminates
demonstrate the effect of differential thermal strains between laminates.
2. Spring-in effect is observed in the composite when cured under the curved
section, and the warpage is formed in a composite when cured under the flat plate,
because of the coefficient of thermal expansion mismatch between the tool and
the composite.
Classical laminated plate theory is used to analyze the difference in the ply level
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expansion coefficients in the fiber and transverse direction, which causes in-plane
stresses in the laminates (Wisnom, Gigliotti, Ersoy, Campbell & Potter, 2006). These inplane stresses in the laminate can lead to distortion in flat plates when lay-ups are not
balanced and symmetric (Hyer, 1981). For example, it is well known that unsymmetric
cross-ply laminates exhibit curvature, and this is often used to study residual stresses
(Kim & Hahn, 1989). The presence of angle plies can lead to twist.
Fiber movement in the matrix during the cure can cause a change in the geometry
and properties, leading to stress and distortion in the composite. Resin flow at radii can
lead to corner thickening with concave tooling and corner thinning with convex tooling
(Hubert & Poursartip, 2001). Because of corner and thickening results in resin-rich
regions and volume fraction variations in the composite, which tend to increase the
amount of spring-in. Wrinkles can also arise at corners, particularly with convex tooling.
The residual stresses can have a significant effect on the mechanical performance of
composite structures by inducing delaminations, distortions, and initiating cracks
(Wisnom, Gigliotti, Ersoy, Campbell & Potter, 2006; Sirivedin, Fenner, Nath & Galiotis,
2000), especially for the complex shape parts.
Epoxy resin is the most common thermoset matrix used in aerospace composites.
The monomer resin and binder are typically viscous liquids that convert into rigid
polymers through the process of polymerization or curing. In order to undergo curing,
resins typically contain reactive end groups such as acrylates or epoxides (Nic, Hovorka,
Jirat, Kosata & Znamenacek, 2005). The advantages of epoxy resins are excellent
adhesion to a variety of substrates and reinforcements, outstanding mechanical and
electrical properties, good chemical resistance and solvent resistance (Gannon, 2000).
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Epoxy resins are low molecular weight and have one or more epoxy groups per molecule.
The epoxy group ring contains two carbon atoms and one oxygen atom. The generalized
structure for epoxy resin is given in figure 2.2.

Figure 2.6. General structure of epoxy group.

Curing agents, also called hardener, are mixed with the epoxy group to form a
cross-linking between the epoxy group and hardener. Cross-linking is formed by a
chemical reaction to form a rigid three-dimensional molecular structure. General
hardener representation is given in figure 2.3.

Figure 2.3. Shows the hardener representation.
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Figure 2.7. Polymerization reaction with resin and hardener.
All the amines and also the acid anhydrides i.e., epoxy group, react with the
hardener to give the corresponding β-hydroxy amine or β-hydroxy ester, respectively as
shown in figure 2.4. This polymerization process results in reduction in the overall
volume known as chemical shrinkage.
2.4 Chemical Shrinkage
The conversion of the monomer molecules into a polymer network described
above is accompanied by a closer packing of the molecules, which leads to bulk
contraction (Loshaek & Fox, 1953; Patel, Braden & Davy, 1987; Venhoven, De Gee &
Davidson, 1993). This chemical shrinkage is a direct consequence of the crosslinking of
the thermosetting polymer, and its characterization is thus of significant interest for
modeling the residual stresses (Msallem, Jacquemin, Boyard, Poitou, Delaunay & Chatel,
2010; Shimbo, 1998) and shape the evolution of composite part during curing(Nawab,
Jaquemin, Casari, Boyard & Sobotka, 2013). This is a direct result of the change from
Van der Waals's bonding to covalent bonding between the molecules (Holst, Schänzlin,
Wenzel, Xu, Lellinger & Alig, 2005; Yu, Mhaisalkar & Wong, 2005). The curing process
is commonly described in three distinct regions:
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i.

In region 1, the resin is uncured and behaves as a viscous fluid. The small chain
monomers molecules are considered as single chemical entities and are discrete
from each other. Each of the molecules occupies a unit volume that is dictated by
their Van der Waals volume and thermal energy.

ii.

In region 2, the curing of the resin begins. In this exothermic process, the
monomer molecules first undergo chain formation and linear growth through
branching and polymerization.

iii.

In region 3, the long-chain polymer is formed with cross-links to obtain a vast
rigid three-dimensional molecular network.

Figure 2.5. Schematic representation of polymerization process.

Polymerization and cross-linking between the molecules result in a reduction in
degrees of freedom. The monomers which were mobile and discrete previously are now
closely packed to form a polymer unit. Furthermore, the Van der Waal bonds between
molecules convert to stronger yet shorter covalent bonds. Finally, we can observe a
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significant stiffness (chemical hardening) and reduction in specific volume (chemical
shrinkage) in a system.
The cure cycle temperature profile consists of three stages, which involve heating,
isothermal stage, and a cool down. In the heating stage and a part of the isothermal stage,
the resin is in the liquid form and thermally expands (Zarrelli, Skordos & Partridge,
2002). There is chemical shrinkage due to crosslinking during gelation and post gelation
in the isothermal stage (Yu, Mhaisalkar & Wong, 2005). Finally, in the third stage, the
solid composite is cooled to room temperature, experiencing a thermal contraction.
Residual stress and the resulting deformation is often attributed to the cooling stage.
Residual stresses generated in the composite structure during the cure primarily affect its
performance by inducing warpage, delamination, and cracks. The chemical shrinkage of
epoxy resins due to polymerization reactions is one of the main reasons for residual stress
development in thick composite structures during cure (Bogetti & Gillespie, 1992; Kim
& White, 1999; Ding, Chiu & Liu, 2001). Volumetric cure shrinkage also has a
significant effect on composite surface finish quality and can lead to surface defects such
as ripples, sink mark, or fabric print through (Palardy, 2007). Therefore, it is crucial to
understand the chemical shrinkage occurring in the composite while it is curing to reduce
the residual stresses and improve the performance of composite structures.
It is reported (Nelson, 1989) that chemical shrinkage is one of the main reasons
for the process-induced deformations in the composites with curved or cylindrical
laminates because it is primarily affected by the out-off plane strain. In addition, there is
mechanical coupling between out-of-plane and in-plane strains in cylindrical laminates.
The mismatch of chemical shrinkage between the in-plane and the out-of-plane direction
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leads the curvature change for the curved section of the laminate.
2.5 Thermal Shrinkage
The shrinkage occurs as a result of heating or cooling due to thermal deformation,
and it is characterized by the coefficient of thermal expansion (CTE). In the cure cycle
profile, during the heating stage, we observe a thermal expansion in the polymer. During
the cooling stage, we observe thermal contraction, where most of the residual stress and
distortions occur during this stage. If the resin is cured at an elevated temperature, then it
experiences a significant exothermic reaction. Temperature reduction following the
exothermal reaction results in additional thermal shrinkage. Shrinkage, depends on the
trade-off (Pang & Gillham, 1989) between i) the thermal expansion of the resin during
the elevated temperature post-cure, ii) contraction of the more fully cured material, and
iii) contraction of the resin during the cooling step. Thermal cycling produces additional
stresses due to the thermal mismatch between the resin and the constraining environment.
Therefore, it is crucial to control and to predict the development of residual stresses
during the cure and subsequent cooling of thermosetting resins.
These residual stresses, which are caused due to cure-induced shrinkage in the
fiber-reinforced composites, lead to distortion both in macroscopic and microscopic scale
as a result of thermal and mechanical anisotropy. The macroscopic effects include
dimensional instability of unsymmetric laminates (Hyer, 1981), the change in curvature
in curved laminates referred to as spring-in (Wisnom, Gigliotti, Ersoy, Campbell &
Potter, 2006), and the residual cure stresses at the lamina level (Bogetti & Gillespie,
1992). The microscopic phenomena of relevance are residual stresses in the fiber and
matrix phases, which can induce microcracking (Zhao, Warrior & Long, 2006).
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2.6 Current Approaches to Determine Cure Shrinkage
A dilatometer is a scientific instrument that measures volume changes caused by a
physical or chemical process. Dilatometer technique can be categorized into two groups
they are
• Volume dilatometric methods
• Non-volume dilatometric method
Some of the volume dilatometric methods are
i.

Capillary-type dilatometer

ii.

Gravimetric method

iii.

Plunger (PVT)-type dilatometer
Some of the non-volume dilatometric methods are

i.

Rheometer

ii.

Pycnometer

iii.

Ultrasound

iv.

Strain Gauge

v.

Fiber Bragg Grating

vi.

Thermal Mechanical Analyser (TMA)

vii.

Dynamic Mechanical Analyzer (DMA)

2.6.1 Volume dilatometric methods
In these approaches, the change in volume of the resin is measured directly i.e,
shrinkage is derived from volume variation. Change of the volume of resin during curing
depends on its chemical formulation, curing cycle, and applied pressure.
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2.6.1.1 Capillary-type dilatometer
Capillary-type dilatometer (Pingsheng, Zhiqiang, Caiyuan, Renjie, 1989; Yates,
McCalla, 1979; Snow & Armistead, 1991) is a simple method for determining the cure
shrinkage using a change in linear height of the mercury or water column surrounded by
the test substance. This method lacks digital output to measure the volume change. Thus
the precision of measurement largely depends on the accuracy of visual observation.
Besides, the sticking of resin with the walls of the capillary tube couls result in additional
errors.
Yates and McCalla (Yates, McCalla, 1979) developed a capillary-type dilatometer
and used it for vinyl ester resin and three epoxy resins. It consisted of three limbs A, B,
and C, which was connected to bulb E, having a resin volume of 15 cm3 placed. The limb
‘C’ carrying thermocouple was extended in bulb E such that its tip was in the resin. The
lower end of the limb had silicon fluid, which facilitated the thermal communication
between resin and thermocouple. A stopper D connected to E facilitated the removal of
dissolved gas.

Figure 2.6. Capillary-type dilatometer setup.
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The pre-weighed resin is poured into limb B to settle in the bulb E, and dissolved
gases evolved during the curing process was removed using vacuum through stopper D.
Limb A gives the information about mercury level, which implies it measures the change
in resin volume. A viscometer bath containing silicon fluid is used to heat the dilatometer
with a controllable temperature of T ±0.01 ⁰C. The change in mercury level in limb A
was monitored with the aid of a cathetometer.
2.6.1.2 Gravimetric method
The gravimetric method is based on monitoring the change in the buoyancy of the
resin (Li, Potter, Wisnom & Stringer, 2004). This method was used to measure the
shrinkage of the epoxy resin system during an isothermal cure (Parlevliet, Bersee &
Beukers, 2010; Khoun, Hubert, 2010). The resin was weighed independently of the bath
and was suspended in a pot of fluid, regulated to the curing temperature.
The weighted resin sample is sealed and placed in a silicon rubber bag to avoid
the disturbance of chemical reactions of the resin by any other medium such as air or
moisture. A small thermocouple is placed inside the silicon rubber bag, which is in
contact with the resin sample. And another small weighing scale is attached to the resin
sample. Finally, the sample is placed in a temperature-controlled oven. The shrinkage of
the resin can be monitored during an isothermal cure provided the density of the fluid is
known.
2.6.1.3 Plunger (PVT)-type dilatometer
This type of device can be compared to a syringe which contains and pressurizes
the sample. The plunger of the syringe is monitored for the volume changes. Many
researchers have used this instrument for the dilatometry of thermoset resins.
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(Madhukar, Genidy & Russell, 2000; Russell, Madhukar, Genidy & Lee AY, 2000;
Zoller, Bolli, Pahud, & Ackermann, 1976; Li, & Lee, 2000; Ramos, Pagani, Riccardi,
Borrajo, Goyanes, & Mondragon, 2005; Kinkelaar, Muzumdar, & Lee, 1995; Hwang &
Chang, 2005)
2.6.2 Non-volume dilatometric methods
In non-volume dilatometric method shrinkage measurements are obtained using a
contacting or non-contacting transducer.
2.6.2.1 Rheometer
Rheometer and DSC can be used to measure the shrinkage of thermoset resin. For
example, Haider et al. (Haider, Hubert & Lessard, 2007; Shah & Schubel, 2010; Khoun,
Centea, Hubert, 2010) developed a test procedure based on the rheometer normal force
control to study the cure shrinkage of unsaturated polyester resin.
The resin was placed between the rotating plate and the fixed plate. The test was
carried out at specific isothermal conditions. The test conducted two segments: In the first
segment, the resin placed between two plates is in a liquid state, and the normal force was
kept zero, with specific values of maximum angular strain and frequency, the distance
between plates was kept constant. The test was conducted until the beginning of chemical
shrinkage, identified by the negative normal force. In the second segment, frequency and
torque increased with a constant normal force, i.e., 0.1 N, but the gap might change. The
gap change was converted to linear cure shrinkage, and from which volumetric cure
shrinkage was found.
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2.6.2.2 Pycnometer
Pycnometer, sometimes referred as gas pycnometer is a device for measuring
volume of sample. Several researchers used this method (Schoch, Panackal & Frank,
2004; Shah & Schubel, 2010; Cook, Forrest & Goodwin, 1999; Shimbo, Ochi, Shigeta,
1981) for shrinkage determination.
2.6.2.3 Ultrasound
Hoa et al. (Hoa, Ouellette, Ngo, 2009) presented a method based on the
measurement of the evolution of the thickness of epoxy resin during cure, using the
ultrasonic waves. The resin sample is placed inside the cup with well-controlled
dimensions. The couplant was selected and placed on top of the resin. The selected
couplant was less dense than the liquid resin and chemically inert and immiscible with
the resin system. The ultrasonic test cell (UT) was held fixed in the cup cover so that it
was partially immersed in the liquid couplant.
This method is based on the measurement of the speed of sound. The equipment
measures the time taken by the sound to pass through the liquid couplant placed on top of
the resin. The time taken by the sound waves is used to calculate the continuous change
in the thickness of the resin.
2.6.2.4 Strain Gauge
The strain gauges have been used for many years for the displacement
measurement due to applied external or internal load for conventional materials. Some
researchers (Ochi, Yamashita & Shimbo, 1991; Plepys & Farris, 1990) extended their use
for the measurement of cure shrinkage of the thermoset matrix as well.
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2.6.2.5 Fiber Bragg Grating
Fiber Bragg gratings (FBG) were used by several researchers for measuring resin
shrinkage (Parlevliet, Bersee, & Beukers, 2010; Antonucci, Giordano, Cusano, Nasser,
Nicolais, 2006; Karalekas, Cugnoni, Botsis, 2008; Giordano, Laudati, Nasser, Nicolais,
Cusano, Cutolo, 2004; Vacher, Molimard, Gagnaire, & Vautrin, 2004; Wang, Han, Kim,
Bar Cohen, Joseph, 2008; Harsch, Karger-Kocsis, & Herzog, 2007; Wang, Woodworth,
Han, 2011). The principle of the FBG sensor is based on the measurement of the changes
in the reflective signal. The resin was placed inside a glass cylinder, and a K-type
thermocouple was placed inside the resin for temperature measurement. The FBG optic
fiber was completely immersed in the resin. The temperature was controlled by a hot oil
bath. The strain value was measured from the optic fiber continuously through the cure,
and strain versus temperature graph was plotted, which is utilized to calculate the cure
shrinkage.
2.6.2.6 Thermal Mechanical Analyser (TMA)
Several researchers have used TMA for the determination of cure shrinkage (Ruiz
& Trochu, 2005; Tai & Chou, 2000; Brauner, Block, Purol & Herrmann, 2012). For
example, Hong et al. (Hong, Subodh, Ee Hua, 2005) measured the cure shrinkage of
epoxy resin using a thermomechanical analyzer and DSC. A tiny amount of resin sample
of 5 mg with a thickness of 30 µm was sandwiched between two silicon plates and placed
on a TMA platform. The sample was cured at a constant isothermal temperature. Using
DSC, the sample was cured with a similar cure profile and compared simultaneously to
determine the cure shrinkage.
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2.6.2.7 Dynamic Mechanical Analyzer
Lang et al. (Lange, Toll, Månson & Hult, 1995) and Schoch (Schoch, Panackal &
Frank, 2004) used dynamic mechanical analysis (DMA) to monitor shrinkage. Schoch et
al. (Schoch, Panackal & Frank, 2004) measured the shrinkage of amine-cured bisphenol
A epoxy resin using a Rheometric Scientific RDA III DMA with an 8-mm diameter
parallel plate fixture. The resin sample placed in between the two plates and a tensile or
compressive load was applied, while it was applying an oscillating shear displacement to
one plate and measuring the torque on the other plate. Finally, shrinkage was measured
with the change in the gap between the plates.
Despite the multitude of resin shrinkage measurement approaches, none are used
in the actual manufacturing environment of the composites. Further all of these methods
are limited to polymers and cannot be used in composites. We address these issues in this
research. The following chapter describes the details of the new in-situ experimental
approach. This is followed by results and discussion.
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3. Experimentation
3.1 Materials
The resin systems studied in this thesis are (1) 105 epoxy resin/206 hardener
produced by West system and (2) EPON 862/Epikure curing agent W produced by
Hexion. Epoxy 105 resin forms a high-strength and moisture-resistant solid with
excellent bonding and barrier coating properties. Whereas EPON 862 is a low viscous
and low color resin, which as a right balance of mechanical, adhesive, and electrical
properties and also as excellent chemical resistance. Epoxy 105 and hardener 206 cures at
a low temperature, minimum temperature recommended is 16 0C. EPON 862 and
DETDA cures at high temperature, recommended temperature of cure is 177 0C. 3K, 2*2
twill weave carbon fiber, and 6 oz fiberglass fabric produced by Fiberglast and a
commonly available cotton crepe bandage are used as fibers with varying stiffness to
observe the filler behavior on the resin shrinkage.

Figure 3.1. Epoxy resin 105 and hardener 206 by West System.
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Figure 3.2. EPON 862 and Epikure curing agent W.

Figure 3.3. 3K, 2*2 Twill Weave Carbon Fiber by Fiberglast.
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Figure 3.4. 6 oz Fiberglass Fabric by Fiberglast.

Figure 3.5. Cotton Crepe Bandage.
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3.2 Autoclave
Industrial autoclaves are pressure vessels that are used to fabricate composite
parts with elevated temperature and pressure to have high-performance components for
aerospace applications. To circulate the heat inside the autoclave chamber, the least
costly and easiest way is by using ohmic heaters. Resistance heaters are compact and
reliable when compared to other methods and can be placed conveniently in the
circulating air duct. The cool-down of the cycle in the autoclave requires a means to
extract the heat from the autoclave. Water circulated through the coils in the heat
exchanger is an effective and inexpensive method often used in commercial autoclaves.
The nitrogen or carbon-di-oxide gas is used to apply pressure on the composite part.
Vacuum bags are used to vacuum the composite part while it is curing using vacuum
probes inside the autoclave. Programmable logic control is used to control the pressure
and temperature throughout the cure cycle profile.
The autoclave (Figure 3.6) EC2X4-200P800F model is used for our research.
Some of the technical specifications of EC2X4-200P800F autoclave for interior
dimensions are the working diameter (excluding floor) is 24 inches, the working length is
48 inches, floor to ceiling is 17.25 inches, and shop floor to autoclave floor is 43 inches.
The overall height of the autoclave is 75 inches. An autoclave can operate at high
temperature and pressure. This system can be heated to a maximum operating
temperature of 427 0C and has a maximum operating pressure of 13.8 bar. The
temperature and pressure capabilities are higher than typical industrial autoclaves and can
be used to cure higher temperature thermosetting resins including BMI. The maximum
heating rate is 5.5 0C/min, and the maximum cooling rate is 5.5 0C/min. The temperature
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uniformity at a steady state is 2.8 0C. When the autoclave is operating at the maximum
temperature, the external shell temperature is <60 0C. The maximum vessel design
pressure is 215 psig, the maximum pressurization rate is 5 psi/min, and the maximum
depressurization rate is 5 psi/min. Pressure vessel fabrication is made of ASME or option
PED, carbon steel. For the air circulation system, the fan motor is 10 HP, and the air
velocity is 250 ft/min. The vacuum system consists of 2 vacuum source line and 2
vacuum probe line. For the thermocouples, we can connect J or K type thermocouples,
and a maximum of 4 part temperature thermocouples can be connected. The autoclave is
equipped with specially designed borosilicate viewports which facilitate the in-situ
measurement. The material used in fabricating the viewports is tempered borosilicate
glass. The programmable logic control (PLC) (Figure 3.7) transfers the cure cycle recipe
to the autoclave, and it controls until the end of the cure cycle.

Figure 3.6. ASC autoclave EC2X4-200P800F.
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Figure 3.7. Autoclave Programmable logic control (PLC).
3.3 Digital Image Correlation (DIC)
Digital image correlation is an optical technique for the accurate measurement of
2D and 3D changes in the displacement of speckle patterns. Compared to strain gauges
and extensometer, where the strain can be measured only at discrete points, DIC can
measure displacement and strain locally throughout the sample. Some of the general
features of the DIC are that it can measure 3D displacement (i.e., u,v,w, dR, dZ, dθ, etc.)
and 3D strain tensor (i.e., εxx, εyy, εxy, e1, e2, Tresca, von Mises, etc.) in real-time. The
DIC comprises of two cameras of 6 megapixels which enable 3D measurements. Both inplane and out-of-plane displacements can be measured with this approach. Some of the
specifications for DIC used here are that it has high strain resolution: down to 0.001% (10
με), strain measurement range from 0.005% (50 με) global to 2,000% or higher possible,
in-plane resolution: down to 1/200,000 * FOV (e.g. FOV=100 mm, in-plane
displacement measurement resolution+/-0.5microns), out-of-plane resolution: down to
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1/100,000 * FOV (e.g. FOV=100 mm, out-of-plane displacement measurement
resolution+/-1.0microns).
A thin film of the speckle pattern is applied on the sample, and any movement in
the speckle pattern during curing is captured by the camera. The DIC is placed near the
viewports of the autoclave, as shown in figure 3.7. The advantage of using the DIC
method is that it allows for in-situ measuring of the stress-free strain due to the
crosslinking and thermal deformation of the resin (Kravchenko, Kravchenko, Casares &
Pipes, 2015). The displacements and strains in the resin sample are calculated using the
post-processing tool Vic-3D.

Figure 3.8. DIC is placed near the viewports of the autoclave.

3.4 Experimental Setup and Procedure for In-situ measurement
A flat aluminum plate is sanded using the sanding machine for 5 minutes to
remove any remnants and impurities from the plate, as shown in figure 3.8. Then acetone
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is applied on the aluminum plate and cleaned with a paper. After two minutes, once it is
dry, a thin layer of releasing agent 1153 fibrelease produced by Fiberglast is applied
across 25*20 cm2 on the aluminum plate with the help of a brush.

Figure 3.9. A flat aluminum plate is sanded using the sanding machine.

30

Figure 3.10. A sealant tape is attached across the rectangular marking to create a
container for the epoxy on the aluminum plate.

Again, it is kept drying for 5 minutes, and then with the help of a marker, a 15*7
cm2 rectangle is drawn on an aluminum plate. Sealant tape is attached across the
rectangular marking to create a container for the epoxy on the aluminum plate, as shown
in figure 3.9.
Then a 15*7 cm2 peel ply is cut, and a speckle pattern is applied on top of the peel
ply using a roller with a 0.013-inch dot size from the speckle kit as shown in figure 3.10.
Next, the calibration of the DIC is carried out to get a good resolution of images.
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Figure 3.11. A speckle pattern is applied on top of the peel ply using a roller with a
0.013-inch dot size from the speckle kit.

We need to open Vic-snap on the computer connected to DIC whose cameras are
installed near the viewports of the autoclave to take the images of the resin sample. In the
Vic-snap tool, the project path is setup as shown in figure 3.11.

Figure 3.12. Vic-snap tool.
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3.4.1 Calibration steps
The following calibration steps need to be followed before any measurement can
be undertaken using the DIC:
1. Adjust the position of the tripod stand to capture the entire sample in a single frame.
2. Focus the lens to get a clear picture of the sample using the Allen key.
3. Adjust the exposure level on the lens to get the right level of light intensity on the
testbed. This can also be done by adjusting the exposure from the Vic-snap tool.
4. Hold the 7 mm grid calibration tile near the sample and capture the images of the
calibration tile.

Figure 3.13. Capturing 7 mm grid calibration tile near the sample using Vic-snap tool.

5. Try to tilt up and down, tilt sidewise and rotate to capture the images of the calibration
tile at different angles using Snap-cam software.
6. Take at least 50 images for the calibration process.
7. Analyze the calibration images in the Vic-3D software. It automatically figures out the
size of the grid calibration tile and gives a score.
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Figure 3.14. Analyzing the 7 mm grid calibration tile in Vic-3D software.

8. The obtained score should be less than 0.1. If yes, then click on accept or else repeat
the steps from 2 to 7.
After the calibration step, the 105 epoxy and the 206 hardener with the volume
ratio of 5:1 (20 g of epoxy with 4 g of hardener) are thoroughly mixed and poured on to
the aluminum plate dammed by the sealant tape. If a speckle layer is sprayed on top of
the resin sample, it will partially dissolve in the resin, making it challenging to capture
the strains. Therefore, a speckle layer is sprayed on a thin layer of peel ply and bounded
on to the resin sample. Any movement in the speckle pattern during the cure cycle is
captured by the DIC. Initially, we carried our experiments by spraying speckle pattern on
top of the vacuum film bag and applying it on top of the resin sample but, due to high
temperature, the vacuum film bag used to melt. Then we decided to use peel ply instead
of the vacuum film bag.

34
Figure 3.14 shows the speckle pattern bonded on top of the resin sample. The
stiffness of the peel ply is assumed to be small compared to that of the resin sample due
to a significant difference in size between the resin sample with the thickness of 0.1 inch,
and that of peel ply is 0.0045 inch. During our initial experimentation process, we
observed that the airflow inside the autoclave causes additional movement in the resin
sample. To minimize this movement, we place two aluminum plates across the resin
sample shielding it from the direct airflow. Finally, the thermal cure profile is applied to
the resin sample, including an isothermal stage of 120 0C for two hours.

Figure 3.15. The speckle pattern bonded on top of the resin sample before.

The DIC cameras capture timed images of the sample every 30 seconds
throughout the cure cycle. The strains and displacements are then analyzed using the
post-processing tool Vic-3D. Through this procedure, we can relate the strains to the cure
state in all the three stages of the cure cycle. Additional experiments were carried out to
observe the effect of including glass fiber, carbon fiber and crepe bandage as fillers in the
Epoxy 105 resin, as shown in figure 3.15 (a), (b) and (c) respectively. First, the resin is
poured on to the aluminum plate inside the sealant tape, and then the 15*7 cm filler is
placed on top of the resin, and finally, the peel ply containing speckle pattern is placed on
top of it.
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Figure 3.16. (a) Glass fiber composite specimen with Epoxy 105 as resin. (b) Carbon
fiber composite specimen with Epoxy 105 as resin and (c) Crepe bandage composite
specimen with Epoxy 105 as resin.
3.4.2 Steps to start cure cycle in an autoclave

I.

Click on security login and enter the credentials to use the autoclave machine.

Figure 3.17. Home screen of ASC autoclave machine.
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II. Click on run operations, and follow the seven steps shown on the screen to start the
autoclave.

Figure 3.18. Run operation screen.

1. The first step is to ‘set vacuum’ here since we are not applying any vacuum to our
sample we are neglecting this step.
2. Next, click on ‘enter batch,’ then a window will pop-up asking for the part name and
the part number. Select the ports for the thermocouple from 1-4 and the ports for the
vacuum probe and source. Since we are not using vacuum and thermocouple in our
experiment, these are not selected.
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Figure 3.19. Shows to enter part name and part number.

3. Click on ‘select recipe’ and create the recipe for the experiment. In our experiments,
the recipe contains five segments.
i. In the first segment of the recipe first one minute is allotted to turn on AIRTC (i.e. to
turn on the probe to check the current temperature of the autoclave inside the
chamber), turned on fan, heating and cooling. The vacuum pump, vacuum line control
are turned off.
ii. In the second segment, the temperature is ramped to 120 0C at a maximum rate.
iii. In the third segment, it is kept at the isothermal condition at 120 0C for 2 hours for
Epoxy 105 and 3 hours for EPON 862.
iv. In the fourth segment, it is cooled at a maximum rate until it reaches 50 0C.
v. In the fifth segment, all the systems are turned off.
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Figure 3.20. Shows the cure cycle recipe.

Once the recipe is created, we can cross verify the recipe created by clicking on
the preview button. Then finally, we transfer the recipe into the autoclave.

Figure 3.21. Shows the preview of the cure cycle recipe.
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Figure 3.22. Shows the sensor view screen.

4. Click on ‘verify sensors’ to check if there is anything unusual happening in the
autoclave machine. Some of the things that we check here are temperature, pressure
and vacuum inside the autoclave.
5. Click on the ‘integrity check’ button and a window pops-up. The integrity check is
carried out if the sample is attached to the vacuum source to check if there is any
leakage in the vacuum form the vacuum bag. But, in our experiment we are not using
any vacuum source, so when we run the integrity check test for one minute, the
overall check status gives us pass. The part field entry check and part attachment
check gives fail since we are not connecting any thermocouples to the port. Then we
move on to next step.
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Figure 3.23. Integrity check operation.

6. Click on ‘system status’ to check if there are any unusual activities taking place in the
autoclave. Check and address the status of any alarms.

Figure 3.24. Status check screen.
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7. Finally in the last step, check the autoclave door is locked, set the filenames and start
cure to start the experiment.

Figure 3.25. To set time captured interval on the Vic-snap tool.

Before clicking on the ‘start cure’ from the autoclave run operation screen, click
on timed capture on the Vic-snap tool from the other computer connected to DIC and a
small window pops-up as shown in figure 3.24. A 30 seconds acquisition interval was
used for four hours to complete the cure cycle profile for west system epoxy, and five
hours for EPON 862. Once this is done simultaneously, click on the start button on the
timed capture and start the cure button on the run operation screen for the autoclave. So
that we can correlate with the images taken from the DIC for every one minute interval
and with the autoclave cure cycle profile to analyze and get the clear understanding of the
displacement and strain in the resin sample.
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Finally, when the resin sample is cured, open the autoclave hydraulic door and
remove the sample from the aluminum plate.
3.5 Post-processing tool Vic-3D software
Steps involved in getting displacement and strain values for the resin sample
using Vic-3D software.
1. Open Vic-3D software and click on calibration image, then select all the images that
we have taken for the calibration after that click on the analyze button and the
obtained score should be less than 0.1.

Figure 3.26. Vic-3D software home page.

2. Next, click on speckle images and select all the images to be analyzed.
3. From the AOI tools, click on the ‘create a rectangle’ button and create a region of
interest (ROI) to be analyzed.
4. Next, the subset is selected here; the subset controls the area of the image that is used
to track the displacement between images. The subset size has to be large enough to
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ensure that there is a sufficiently distinctive pattern contained in the area used for
correlation.
5. Next, the step size is selected here; the step size controls the spacing of the points that
are analyzed during correlation. For instance, if a step size of 1 is chosen, a
correlation analysis is performed at every pixel inside the region of interest. A step
size of 2 means that a correlation will be carried out at every other pixel in both the
horizontal and vertical direction and so on.
6. After creating the ROI, subset and step size, click on create start point on the AOI
toolbar and select it on the middle of the ROI.

Figure 3.27. Shows the ROI and start point on the sample to be analyzed.

7. Once all these steps are carried out then, click on ‘start analyses.’
8. Once it is analyzed, we get the displacement values in all the 3 coordinate system i.e.,
in X, Y and Z direction.
9. To obtain strain values, click on the ‘data’ toolbox, then find the drop-down menu
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and click on post-processing tool for calculate strain.
10. Once the strain is analyzed, we get the strain in εxx, εyy and εxy direction.
3.6 Differential Scanning Calorimeter (DSC)
Differential Scanning Calorimetry (DSC) is a thermal analysis technique used to
find properties like glass transition temperature, melting temperature, degree of cure in
polymer, etc. DSC measures enthalpy changes in samples due to changes in their physical
and chemical properties as a function of temperature or time. Both the sample and
reference are maintained at nearly the same temperature throughout the experiment. The
technique was developed by E. S. Watson and M. J. O'Neill in 1962, (Watson, & O'neill,
1966) and introduced commercially in 1963.
The principle of this technique is that when a sample undergoes a phase transition,
more or less heat flow is required to maintain the temperature of the sample, compared to
the reference. If there is less heat flow in the sample, then the phase transition process is
endothermic and if there is more heat flow in the sample, the process is exothermic.
Differences in heat flow arise when a sample absorbs or releases heat due to thermal
effects such as melting, crystallization, chemical reactions, polymorphic transitions,
vaporization and many other processes. For example, the solid material melts into liquid,
here more heat is absorbed by the sample to increase its temperature at the same rate of
the reference and resulting in an endothermic phase transition from solid to liquid.
Similarly, we observe the exothermic phase transition for crystallization, where less heat
is required for the sample to maintain its temperature compared to the reference. The
difference in the amount of heat flow between the sample and the reference is measured
by the DSC. It is widely used in research and industrial thermal analysis for studying
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polymer curing (Dean, 1995; Pungor, 1995; Skoog, Holler, Nieman, 1998).
The ease of sample preparation and the quick turn-around time make it an ideal
method for quality control, material development and materials research. Some of the
Examples of thermal events and processes that can be determined by DSC are melting
behavior, crystallization and nucleation, Polymorphism, Liquid-crystalline transitions,
Effects of plasticizers, Phase diagrams, Glass transitions, Heat capacity and heat capacity
changes, Reaction and transition enthalpies, Reaction kinetics, etc.
Specifications of DSC 3 produced by Mettler Toledo are as follows. This DSC
has a wide temperature range from –150 to 700 °C. A rugged MultiSTARe sensor with 56
thermocouples – detects the smallest and largest thermal effects. It has a temperature
accuracy +/- 0.2 K, temperature precision +/- 0.02K. The heating rate from room
temperature to 700 °C can vary from 0.02 to 300 K/min. The cooling rate can vary from
0.02 to 50 K/min. The system is equipped with sensor type FRS 5+ and HSS 8+, and has
a maximum sampling rate of 50 values/second.
3.6.1 Experimental procedure for DSC
DSC-3 differential scanning calorimeter from Mettler Toledo shown in figure
3.27 (a) is used to measure the heat of reaction and degree of cure for each given resin
sample.
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Figure 3.28. a) DSC-3 differential scanning calorimeter from Mettler. b) DSC sample
holder.
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The first step is to switch on the DSC-3 machine and the chiller. Adjust the flow
rate of nitrogen gas to 10 mL/min, set dry gas to 200 ml/min and middle gas to 20
ml/min. Using a balance (Mettler-Toledo XS105DU) shown in figure 3.28, an empty 40
µL aluminum crucibles zeroed on the balance. This is done to measure only the weight of
the resin sample and not the weight of aluminum crucible.

Figure 3.29. Balance Mettler-Toledo XS105DU.
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A volume ratio of 5:1 for Epoxy 105 and 4:1 for EPON 862 is mixed and the
sample ranging in weight from 22mg to 39mg was encapsulated in a standard aluminum
sample pan using the punching machine shown in figure 3.29.

Figure 3.30. Punch machine.

The sample was then placed in the DSC sample holder and an empty aluminum
sample pan and cover was used as a reference. Two different methods were performed: 1)
Dynamic test and 2) Isothermal test.
3.6.2 Steps involved in carrying out DSC test
1. Open and log in the DSC software. The DSC home page shown in figure 3.30.
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Figure 3.31. DSC home page.

2. Write the sample name and number. For instance, resin name, at what isothermal
curing temperature, time, etc.
3. Enter the weight of the resin sample which we measured earlier from the Balance
Mettler-Toledo XS105DU.
4. Click on ‘New’ and a dialogue box opens up to create isothermal or dynamic stages.
For dynamic test there are two stages in total
i.

In the first stage, click on ‘add iso’ and enter the ‘end temp’ at -25 0C and enter
‘time Iso’ for 10 minutes at that temperature.

ii.

In the second stage, click on ‘add dyn’ and enter ‘start temperature’ in 0C, ‘end
temperature’ in 0C and heating rate in 0C/min.
For both the stages select the segment gas as Nitrogen and keep the flow rate

at 10 ml/min and also select the pan as standard aluminum of 40µL. Once all these

50
steps for the dynamic tests are carried out, click on ‘send experiment’ to start the test.
For the isothermal test there are three stages in total
i.

In the first stage, click on ‘add iso’ and enter the ‘end temp’ at the required
isothermal temperature and enter the duration in ‘time iso’.

ii.

In the second stage, click on ‘add iso’ and enter the ‘end temp’ at -25 0C and
enter ‘time iso’ for 10 minutes at that temperature.

iii.

In the third stage, click on ‘add dyn’ and enter ‘start temperature’ in 0C, ‘end
temperature’ in 0C and heating rate in 0C/min.
Similarly, note that for all the three stages, select the segment gas as Nitrogen and

keep the flow rate at 10 ml/min and also select the pan as standard aluminum of 40µL.
Finally, save the test. Once all these steps for the isothermal test are carried out, click on
‘send experiment’ to start the test.
3.6.3 Evaluating heat of reaction from the experimental data
Once the experiment is completed, open the evaluation tab from the DSC tool and
open the experiment file that was recently completed. Then normalize the curve using the
‘normalize sample’ option on the toolbox. Next, select the region under the curve for
integration to find the heat of reaction. An example of the heat of reaction for
polymerization is shown in figure 3.31.

51

Figure 3.32. Heat of reaction under the cure for Epoxy 105 for dynamic test.

In the next chapter, we present the results of in-situ experimentation and DSC
analysis for both epoxy systems studied in this thesis.
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4. Results
4.1 Epoxy 105 cured at 120 0C
The displacement analysis is performed on a representative area of 5×5 cm2 in the
middle of the Epoxy 105 specimen. The out-off plane displacement profile in the resin
sample at the end of the cure is shown as a contour in figure 4.1. This displacement is
calculated in the Vic3D software based on the movement of the speckle pattern due to the
cure induced deformation. It can be noted that within a small area, there are fluctuations
in the net displacement, for example, in figure 4.1, the displacement in the representative
region range from -0.31 mm to -0.552 mm, with an average of -0.45 mm. The thermal
fluctuations and the convective flow properties of the resin as it is heated are responsible
for these fluctuations.

Figure 4.1. Out-off plane displacement profile in the Epoxy 105 sample obtained from
the DIC at end of cure cycle.
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For each test, the experiments were carried out for two samples, one beside each
other to verify the values matching with each other. Then to plot the average
displacement and strain curve for analysis, the average displacement and strain values are
used from one of the samples.
4.1.1 Average displacement in X and Z direction for Epoxy 105
Average displacement in X and Z direction for Epoxy 105 at 120 0C isothermal
temperature is plotted, as shown in figure 4.2. We can observe that displacement in Xdirection initially oscillates during the heating stage due to competing volume changes
from thermal and chemical interactions. The chemical shrinkage leads to an overall
compressive strain in the resin sample during the isothermal and cooling stages. Whereas
in the Z-direction, the displacement increases during the heating cycle due to thermal
expansion in the resin sample and decreases drastically during the isothermal stage and
slightly increases during the cooling stage.
We observe from figure 4.2, at different stages, the contour plot for displacement
in Z-direction is represented. The convection due to the autoclave fan results in
displacement variation in the contour plot. The viscosity of Epoxy 105 is very less and
this leads to movement of resin due to convection produced by autoclave fan. Although
we keep two aluminum plates between the resin sample, still there is some effect of
convection produced, leading it to the movement of the resin sample. In contrast, the
convection effect does not have any impact on the EPON 862 because the viscosity is
much higher than Epoxy 105.
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Figure 4.2. The average displacement in X and Z direction is plotted against temperature
and cure time scale for Epoxy 105.
4.1.2 Calculating the coefficient of thermal expansion of aluminum plate
We calculate the thermal expansion of the aluminum plate to account for the
contribution of the tool expansion in the overall pout of plane displacement measured by
the DIC.
The thickness of aluminum plate L0 = 3 mm, coefficient of thermal expansion of
aluminum α= 24*10^6 1/ 0C, initial temperature Ti = 30 0C, final temperature Tf = 120 0C
Change in length is given by,
ΔL = L 0* α*(Tf –Ti)

equ (4.1)

= 3* 24*10^6*(120-30)
ΔL = 0.00648 mm
Whereas the displacement of the resin sample after the complete cure is 0.5mm.
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The change in length for the aluminum plate is negligible. Therefore we neglect the
contribution of the thermal expansion of aluminum plate to the cure shrinkage
measurements.
4.1.3 Average strain evolution in Z-direction
The VIC -3D software provided with the DIC does not compute the strain in Zdirection. So we calculated the strain in Z-direction using ε = Δl/l0, i.e., Δl is the change
in length, which is out-off plane displacement, whose value is taken from the Vic-3D
software and l0 is the original length which is the thickness of the resin sample before
curing and the strain in Z-direction is plotted, as shown in figure 4.3. Here the curing
cycle is represented by the solid line and the broken line represents the average strain.
From the graph, it is observed that during the heating cycle, the average strain value is
0.03. At an isothermal stage, the average strain value is -0.125 and finally, at the cooling
stage, the average strain value is -0.144. The initial rise in the strain value is caused by
the thermal expansion in the first 10 minutes of the cure cycle. Then the strain value
oscillates between -0.2 to -0.3 at the isothermal stage and finally, there is a small dip in
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Figure 4.3. Strains plotted against curing time and temperature axis for Epoxy 105 at
120 0C.
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4.2 EPON 862
The displacement analysis is performed on a representative area of 5×4 cm2 in the
middle of the EPON 862 specimen. The out-off plane displacement profile in the EPON
862 sample at the end of the cure is shown as a contour in figure 4.4. This displacement is
calculated in the Vic3D software based on the movement of the speckle pattern due to the
cure induced deformation. The displacement in the representative region range from 0.198 mm to -0.318 mm, with an average of -0.48 mm. Finally, we observed from the
Vic-3D software that 0.52 mm of the EPON 862 resin sample got shrunk once it is cured.

Figure 4.4. Out-off plane displacement profile in the EPON 862 sample obtained from
the DIC at end of cure cycle.
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4.2.1 Average displacement in Z direction for EPON 862 at 120 0C
Average displacement in the Z-direction for EPON 862 at 120 0C isothermal
temperature is plotted, as shown in figure 4.5. We observe that displacement in Zdirection increases up to 2.1 mm during the heating cycle due to thermal expansion in the
resin sample and decreases drastically during the initial stage of the isothermal condition
and oscillates between -1 mm to -0.5 mm. Finally, at the end of the cooling stage, we
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Figure 4.5. The average displacement in Z direction is plotted against temperature and
cure time scale for EPON 862 at 120 0C.

4.2.2 Average strain evolution in Z-direction for EPON 862 at 120 0C
Strain in the Z-direction is calculated for EPON 862 using strain equation i.e., ε =
Δl/l0. The strain in the Z-direction against the temperature axis for EPON 862 is plotted
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in figure 4.6. From the graph, it is observed that during the heating cycle, the average
strain value is 0.62. At an isothermal stage, the average strain value is -0.211 and finally,
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Figure 4.6. Strains plotted against curing time and temperature axis for EPON 862 at
120 0C.
4.2.3 Average displacement in Z direction for EPON 862 at 150 0C
Average displacement in the Z-direction for EPON 862 at 150 0C isothermal
temperature is plotted, as shown in figure 4.7. The average displacement in Z direction
during the heating cycle is 2.09 mm due to thermal expansion. At the isothermal stage,
the displacement curve gradually keeps on decreasing and maintains around -0.2 mm and
finally, during the cooling stage, we observe -0.27 mm at the end of the cycle.
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Figure 4.7. The average displacement in Z direction is plotted against temperature and
cure time scale for EPON 862 at 150 0C.

4.2.4 Average strain evolution in Z-direction for EPON 862 at 150 0C
The average strain in the Z-direction for EPON 862 at 150 0C isothermal
temperature is plotted, as shown in figure 4.8. The average strain in the Z-direction
during the heating cycle is 0.667. When it enters the isothermal stage, it does not
drastically drop down to compressive strain like EPON 862 at 120 0C. Since it is curing
at high temperature, the thermal effect is still present during the initial phase of the
isothermal stage. Then it gradually decreases at maintains around -0.1 compressive strain.
Finally, at the end of the curing cycle, we observe a strain value of -0.094.
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150 0C.

4.2.5 Average displacement in Z direction for EPON 862 at 177 0C
Average displacement in the Z-direction for EPON 862 at 177 0C isothermal
temperature is plotted, as shown in figure 4.9. Here the EPON 862 is cured at a very high
temperature at 177 0C. Because of that, we can notice from the graph that the
displacement in the Z-direction is around 3 mm as a result of thermal effect contributing
a considerable amount at the heating stage. At the isothermal stage, the thermal effect is
still present and after 25th minute, it rapidly decreases. The strain continues to decrease
gradually till the end of the isothermal stage. Finally, at the end of the cooling stage, we
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Figure 4.9. The average displacement in Z direction is plotted against temperature and
cure time scale for EPON 862 at 177 0C.
4.2.6 Average strain evolution in Z-direction for EPON 862 at 177 0C
The average strain in the Z-direction for EPON 862 at 177 0C isothermal
temperature is plotted, as shown in figure 4.10. Since we are curing EPON 862 at a
higher temperature, we can observe from the graph that the strains are higher during the
heating stage and it gradually decreases during the isothermal stage and the sample goes
to compressive stain only after the middle of the cooling stage.
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4.3 Epoxy 105 cured at 60 0C
Since Epoxy 105 cures at a faster rate and it is a low-temperature cure, the
experiment was conducted at a lower temperature at an isothermal temperature of 60 0C
for 2 hours to find the displacement and strain, to make a comparative study with the
degree of cure that we got from the differential scanning calorimeter.
4.3.1 Average displacement in Z direction for Epoxy 105 at 60 0C
Average displacement in the Z-direction for Epoxy 105 at 60 0C isothermal
temperature is plotted, as shown in figure 4.11. We observed that 0.45 mm of Epoxy 105
resin sample is shrunk at the end of the cure cycle.
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Figure 4.11. Displacement plotted against curing time and temperature axis for Epoxy
105 at 60 0C.

4.3.2 Average strain in Z direction for Epoxy 105 at 60 0C
The average strain in the Z-direction for Epoxy 105 at 60 0C isothermal
temperature is plotted, as shown in figure 4.12. From the graph, it is observed that during
the heating cycle, the average strain value is 0.065. At an isothermal stage, the strain
value oscillates between -0.1 to -0.15 and finally, at the cooling stage, the strain value is 0.163, which drops due to thermal contraction in the resin sample.
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Figure 4.12. Strains plotted against curing time and temperature axis for Epoxy 105 at
60 0C.

4.4 Differential Scanning Calorimeter test
To further explain the behavior, the cure kinetics of the resin was analyzed using
DSC. This rate of heat flow and the dynamic scanning test are used to calculate the
degree of cure. We follow the procedure described in (Loshaek & Fox, 1953), wherein
the degree of cure is calculated as
α(t)=H(t)/HT

equ (4.2)

Where H(t) is the heat of reaction up to time ‘t’ and HT is the total heat of reaction.
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4.4.1 DSC test for Epoxy 105 at 120 0C
The dynamic test was carried out for Epoxy 105 from -25 0C to 220 0C at a
heating rate of 10 0C/min. The area under the curve is equal to the amount of heat
released during the thermal cycling. We follow the procedure outlined in section 3.6.3 to
compute the heat of reaction. For the dynamic scanning test, the total heat of reaction was
calculated to be 356.26 J/g, as shown in Figure 4.13.

Figure 4.13. Heat of reaction under the cure for Epoxy 105 for dynamic test.

The isothermal test for Epoxy 105 was first carried out at 120 0C for different
times as shown in figure 4.14. We observe from the figure that after 10 minutes, 98% of
the resin was cured. Note that Epoxy-105 is a low-temperature cure resin which
polymerizes even at room temperature, therefore it is completely cured within 10 minutes
at the relatively high temperature of 120 0C.
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120 0C for Epoxy 105.

4.4.2 DSC test for Epoxy 105 at 60 0C
The dynamic test conducted in the previous section to find the heat of reaction
remains the same for Epoxy 105 at 60 0C as well. The isothermal test was carried out at
60 0C for different time scales, as shown in figure 4.15. It can be observed that the epoxy
takes a longer time to cure at 60 0C compared to 120 0C. From the graph, we noticed that
after 160 minutes, 99% of the resin was cured.
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Figure 4.15. Heat flow versus temperature at various cure times for isothermal tests for
Epoxy 105 at 60 0C.

4.4.3 DSC test for EPON 862 at 120 0C
The dynamic test was carried out for EPON 862, and the test was carried out from
-25 0C to 300 0C at a heating rate of 5 0C/min. The area under the curve provides the
amount of heat released. For the dynamic scanning test, the total heat of reaction
observed was 421.10 J/g, as shown in figure 4.16.
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Figure 4.16. Heat of reaction under the cure for EPON 862 for dynamic test.

The isothermal test for EPON 862 was also conducted at 120 0C for different time
scales, as shown in figure 4.17. We observe from the figure that after 220 minutes, 98%
of the resin was cured. Since EPON 862 is a high-temperature cure resin and it cures at a
considerably lower rate compared to Epoxy 105.
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Figure 4.17. Heat flow versus temperature at various cure times for isothermal tests for
EPON 862 at 120 0C.
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4.4.4 DSC test for EPON 862 at 150 0C
The isothermal test was carried for EPON 862 at 150 0C for different time scale,
as shown in figure 4.18. When we calculated the degree of cure after 90 minutes, we
observed that 99% of the EPON 862 resin sample was cured.
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Figure 4.18. Heat flow versus temperature at various cure times for isothermal tests for
EPON 862 at 150 0C.
4.4.5 DSC test for EPON 862 at 177 0C
The isothermal test was carried for EPON 862 at 150 0C for different time scales,
as shown in figure 4.19. When we calculated the degree of cure after 45 minutes, we
observed that 98% of the EPON 862 resin sample was cured. Increasing the temperature
results in faster polymerization as the rate of diffusion and chemical reaction is higher at
increased temperature.
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5. Analysis and Discussion
In this chapter, we analyze the correlation of the strain values obtained from the
DIC with the cure state of polymer obtained from the DSC. In addition, we study the
effect of fillers i.e. Carbon fiber, glass fiber and crepe bandage in the resin shrinkage.
5.1 Degree of cure and average out-off plane strain in EPON 862 at 120 0C
We correlated the average out-off plane strain values from the digital image
correlation method and the degree of cure from the differential scanning calorimeter. The
degree of cure and the average out-off plane strain in EPON 862 as a function of curing
time is shown in figure 5.1. The dotted line represents the strain and the dark line
represents degree of cure.

Figure 5.1. Degree of cure and average out-off plane strain in EPON 862 as a function of
curing time at 120 0C.
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i. After the completion of the heating cycle i.e., after 20 minutes, 20% of EPON 862 is
cured and the corresponding strain value is 0.014.
ii. During the isothermal stage at 120 0C were chemical shrinkage occurs we, can
observe that 52% of resin is cured after 50 minutes and the corresponding strain
value is -0.197.
iii. After 160 minutes, 92% of resin is cured with a strain value of -0.265.
iv. Finally, the resin sample reaches 50 0C after 255 minutes and the corresponding
strain value -0.179.
5.2 Degree of cure and average out-off plane strain in Epoxy 105 at 120 0C
A similar analysis was carried out for Epoxy 105, degree of cure and average outoff plane strain in Epoxy 105 as a function of curing time at 120 0C is shown in figure
5.2. Within 10 minutes, 98% of Epoxy 105 is cured and the corresponding strain value is
0.4. Due to this reason, we cannot make a comparative study between Epoxy 105 and
EPON 862 at 120 0C.
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Figure 5.2. Degree of cure and average out-off plane strain in Epoxy 105 as a function of
curing time at 120 0C.

5.3 Degree of cure and average out-off plane strain in Epoxy 105 at 60 0C
Since a comparative analysis could not be made for Epoxy 105 at 120 0C, the cure
state and resin shrinkage were compared at 60 0C. Figure 5.3 shows the degree of cure
and average out-off plane strain in Epoxy 105 against curing time at 60 0C. Within the
first 20 minutes, 60% of the resin is cured, giving a compressive strain of -0.053. Finally,
after 140 minutes, 98% resin is cured, giving -0.159 compressive strain.
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Figure 5.3. Degree of cure and average out off-plane strain in Epoxy 105 as a function of
curing time.

5.4 Effect of Fillers
5.4.1 Displacement in X and Z direction for all the fillers
The displacement values in the X-direction and Z-direction are calculated using
the post-processing tool Vic-3D for all the fillers. These values are compared with the
neat resin in figure 5.4 and 5.5, respectively. We can observe from the figure that the inplane displacement of fiberglass is different from other fillers. It may be noted that
fiberglass fabric has a fiber thickness of 0.009 inches compared to the much lower fiber
diameter in carbon and cotton fibers.
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5.4.2 Average in-plane strain (εxx) for all the filers with Epoxy 105
Figure 5.6 shows the variation of the average in-plane strain (εxx) during the cure
cycle for neat resin and the composites with different fillers. From figure 5.6 we can
interpret that the neat resin undergoes larger strain when compared to that of the
composite specimen. The filler modulus has a significant impact on the observed strain,
as shown in Table 1. The lowest stiffness cotton fibers do not alter the strain profile of the
neat resin significantly. Glass and carbon fibers have higher stiffness and therefore
reduce the observed strains. We can observe from Table 1 that the strains in the neat resin
and filler are different in all the three stages of the cure cycle. The stiffness of the fillers
affects their response to the thermal stresses. Therefore, the presence of stiffer fillers
reduces the strain in the composite.
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Figure 5.6. Average strain in the εxx direction in fillers and neat resin.
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Table 1
Strain in the X-direction for neat resin, glass fiber, carbon fiber and crepe bandage in all
the three stages.
Particulars
Heating Stage
Isothermal Stage
Cooling Stage
Plane Resin

-0.00698

-0.00910

-0.01082

Crepe Bandage

-0.00444

-0.00907

-0.01097

Glass fiber

-0.00578

-0.00708

-0.00814

Carbon fiber

-0.00607

-0.00648

-0.00729

5.5 Discussion
To better understand the crosslinking of EPON 862 at an atomic level, let us discuss the
steps involved in the crosslinking process for EPON 862.
i.

During the first step of crosslinking, there is a simultaneous breakage of
CH2-O bonds in the epoxide ends of the EPON 862 molecules and N-H
bonds of the DETDA molecules and that makes CH2 ends capable of
forming crosslinks with activated N atoms of the DETDA molecules.

Figure 5.7. First step of crosslinking in EPON 862 (Hadden, Jensen, Bandyopadhyay,
Odegard, Koo & Liang, 2013).
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ii.

The negatively charged oxygen abstracts a proton from the neighboring
protonated amine, resulting in an alcohol group and an amine group and
the crosslinking is complete.

iii.

The same cross-linked nitrogen reacts with another epoxide end of EPON
862 in the same way and forms two crosslinks.

Figure 5.8. Second and Final step of crosslinking (Hadden, Jensen, Bandyopadhyay,
Odegard, Koo & Liang, 2013).
This overall process results in a cross-linked epoxy with lower volume then the
constituent monomers. We now correlate this process of cross linking with the in-situ
experimental findings.
Figure 5.9 shows the crosslinking of EPON 862 and DETDA at different stages of
the cure state.
1. Initially, the EPON and DETDA molecules are 0% cross-linked. The initial
increase in stress free strain is associated with the thermal expansion of the resin and
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binder molecules.
2. 20 minutes into the cure, DSC indicates that 20% of the EPON and DETDA
molecules are crossed linked. Once the crosslinking starts the associated shrinkage due to
polymerization results in a compressive strain. At initial stages, the crosslinking rate is
higher because of large number of free molecules ready to crosslink with each other and
that is the reason most of the compressive strain and shrinkage are associated at this
stage.
3. After 50 minutes into the cure, 52% of the molecules are crossed linked which
results in further compressive strain. During the isothermal stage, the crosslinking rate
decreases because of less free molecules ready to crosslink and that is the reason the
strain value stabilizes at this stage.
4. Finally, at the end of the cure (160 minutes), 92% of the resin is cured, forming
a rigid three-dimensional structure.
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Figure 5.9. Schematic for the Analysis crosslinking of EPON 862 at 120 0C.
Now consider the EPON 862 cured at 177 0C. Figure 5.10 shows the different
stages of polymerization and the associated shrinkage.
1. Initially, the EPON and DETDA molecules are 0% cross-linked, as shown in
the figure. Here the increase in strain is due to thermal expansion.
2. At the 20 minute mark, 89% of the molecules are cured. Even though, the level
of polymerization is significant, the combination of thermal expansion and chemical
shrinkage leads to a higher strain level than at 120 0C. Even after reaching the isothermal
stage, there is some amount of thermal effect in the initial stages of the isothermal stage,
which is clearly observed as the strain gradually decreases.
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3. After 45 minutes, 98% of the resin is cured, giving the rigid three-dimensional
molecule structure.
Note that the heating rates for the DSC and the autoclave could be different,
therefore we are comparing the states, rather than kinetics.

Figure 5.10. Analysis of crosslinking of EPON 862 at 120 0C.
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6. Conclusion
Polymer-based composite materials undergo process-induced strain during
thermomechanical processing due to chemical shrinkage and thermal expansion. These
volumetric changes lead to residual stresses and distortion. These residual stress during
the fabrication process cause defects like matrix cracking, delamination, warpage,
porosity, wrinkles, etc. These defects cause further problems during composite
manufacturing, such as dimensional instability, pre-stressing during assembly, in-service
defects, and often increase the overall cost. Thus, it is crucial to understand the residual
stress evolution in the polymeric composite during the curing process and the factors
affecting distortions and geometric instability in the composite. Several current
approaches like volume dilatometric method and non-volume dilatometric method are
used to measure cure shrinkage in polymers. Despite the many approaches to measure
polymer shrinkage, none of the methods can be integrated into the manufacturing
environment. Further, they are limited to polymers and cannot be applied to composite
materials.
In our research, we have developed a new approach using DIC instrumented
autoclave to measure volume changes in the polymer as well as composites during the
fabrication process. The autoclave is equipped with specially designed borosilicate
viewports which facilitate for in-situ measurement. In this experiment, we are using two
cameras to measure displacements in the three-coordinate system. DIC captures the
images at regular intervals of time throughout the cure cycle. Any movement in the
speckle pattern during the curing process is measured by DIC to obtain cure shrinkage.
Through this procedure, we can obtain cure shrinkage and strain evolution during the
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various stages of the cure cycle, in both neat resin and composite. In our research, we
have made a comparative study between two resin Epoxy 105 and EPON 862. The reason
to select these two resins is Epoxy 105 cures at a faster rate and it is a low-temperature
cure were as EPON 862 cures at a slower rate and it cures at a high temperature. DSC is
used to find the degree of cure for a given resin sample at a different isothermal
condition. The processing induced strains obtained from the DIC are correlated with the
degree of cure obtained from DSC.
Epoxy 105, when cured at 120 0C, exhibited a residual compressive stain value of
0.15. The observed displacement in Z-direction is 0.5 mm for a sample of 2.75 mm
thickness. Similarly for EPON 862, when cured at 120 0C, 0.52 mm of displacement was
observed in Z-direction for a sample of 2.82 mm thickness, resulting in a residual
compressive strain of 0.179. Since Epoxy 105 is a low-temperature cure, the test was
carried at 60 0C and we observed a cure shrinkage of 0.45 mm and a compressive residual
strain of 0.145.
From the DSC tests, the total heat of reaction for Epoxy 105 took 356.26 J/g to
completely cure the resin sample, whereas, for EPON 862, the total heat of reaction
obtained is 421.10 J/g. Epoxy 105, when kept at an isothermal temperature at 120 0C,
took 10 minutes to cure 98% of the resin sample. When held at an isothermal temperature
at 60 0C, the sample cured in 160 minutes. EPON 862, took 220 minutes to achieve 98%
cure state at an isothermal temperature of 120 0C.
Correlating the resin shrinkage to the cure state, we find that there is an increase
in Z-displacement in the initial stages of heating associated with thermal expansion.
Compressive strain due to the polymerization is observed subsequently. We find that
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most of the shrinkage happens during the early stages of curing (around 20% curing).
Additional strain after achieving high level of polymerization may be attributed to
thermal contraction.
Finally, the effect of fillers like carbon fiber, glass fiber and crepe bandage for
strain evolution was compared with the neat resin for Epoxy 105. We found that as the
stiffness of the fillers increased the overall strain value decreased. The experimental
approach developed in this paper can be used to understand the shrinkage and the
resulting residual strain during polymeric composite processing.
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7. Future Work
1. Carrying out molecular dynamic simulation to validate the experimental findings of
polymer shrinkage and cure state. Molecular dynamics is a computer simulation
technique for studying the movement of atoms and molecules when interacting with
each other for a fixed period in a system. Molecular dynamics technique uses
Newton’s 2nd law of motion to predict the movement of atoms or molecules for a
small increment in time step to mimic the real-time interaction of particles observed
in reality. The forces between the particles and their potential energies are calculated
using interatomic potential.
Several studies use molecular dynamics simulations to model the
polymerization process (Kremer & Grest, 1990). MD simulations could provide an
atomic scale explanation of some of the observations correlating the cure state and
shrinkage in the experimental study.
2. The current thesis was limited the thermal and chemical characterization of the
polymer during the fabrication process to understand the cure shrinkage and residual
strain acting on the material. Further experiments can be performed to analyze the
mechanical behavior of the polymer at different cure states by creating a wishbone
tensile specimen.
3. In-situ measurement of residual strain acting on the composite sample by using
alternate approaches like optic fiber can be carried out to verify the results obtained
from the DIC method. Some experiments with glass fiber and carbon fiber composite
were carried out with optic fiber, but through analysis could not be done due to time
constraints.
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